This paper describes the nanoindentation technique for measuring sputter-deposited Au and Cu thin films' mechanical properties at elevated temperatures up to 130°C. A thin, 5-nm Pt layer was deposited onto the Cu film to prevent its oxidation during testing. Nanoindentation was then used to measure elastic modulus and hardness as a function of temperature. These tests showed that elastic modulus and hardness decreased as the test temperature increased from 20 to 130°C. Cu films exhibited higher hardness values compared to Au, a finding that is explained by the nanocrystalline structure of the film. Hardness was converted to the yield stress using both the Tabor relationship and the inverse method (based on the Johnson cavity model). The thermal component of the yield-stress dependence followed a second-order polynomial in the temperature range tested for Au and Pt/Cu films. The decrease in yield stress at elevated temperatures accounts for the increased interfacial toughness of Cu thin films.
I. INTRODUCTION
The microelectronic industry has been growing rapidly over the past 10-20 years, as has its reliance on thin-film deposition techniques for components manufacturing. As modern devices generate quite a bit of heat, and peak temperatures can reach over 100°C, there is a need to provide adequate cooling for a device to stay operable. Obviously these thermal cycles are unavoidable and eventually lead to thermal fatigue damage and device failure. Consequently, the knowledge of elastic and plastic properties of thin films at elevated temperatures is required for proper chip design and reliability assessments. For the proper stress analysis in conjunction with the thermal cycling characterization, it is important to measure the mechanical properties of thin films at elevated temperatures.
Nanoindentation is an alternative test method to the freestanding film mechanical testing 1 and microbeam cantilever deflection techniques 2, 3 for measuring mechanical properties of thin films. First applied over 20 years ago in the hard-drive industry, it is now commonly used for microelectronic components and thin films. Nanoindentation is similar to conventional hardness tests, but nanoindentation is performed on a much smaller scale, using special equipment. The force required to press a sharp diamond indenter into the tested material is recorded as a function of indentation depth. Both elastic modulus and hardness can be readily extracted from the nanoindentation curve. [4] [5] [6] [7] For a metal film, the yield stress ( ys ), is often approximated as 1/3 of the hardness 8 measured by nanoindentation. Alternatively, it can be extracted from the extent of the plastic zone size around the indenter (c), measured by atomic force microscopy (AFM), using Johnson's spherical cavity model approach 9,10
where P max is the maximum indentation load. Although this expression was originally used for bulk materials, it was also shown to be applicable for thin films. 10 In the case of a metal thin film, the yield stress is typically much higher than for a bulk material, because metal films are typically nanocrystalline. The dependence of yield stress on grain size is often described by a Hall-Petch type relationship
where i is some intrinsic stress, independent of the grain size d; and n is between 0.5 and 1. The classic 1/d 0.5
Hall-Petch relationship is not typically observed for thin films (due to substrate effects, limiting thin-film plasticity, or dislocation looping along the metal/oxide interface).
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If the grain size of a thin film is larger than the film thickness (t), the latter can be used instead of the grain size as a scaling parameter
where ␣ and ␤ are the fitting parameters. A similar approach, based on the film thickness, is used by Nix 11 to predict Cu flow-stress behavior.
Because hardness is known to decrease with temperature for bulk metals and single crystals, 13 similar effects are also expected in thin films. While conventional mechanical testing experiments are routinely performed in environmental chambers (and even in vacuum at high temperatures for bulk materials), nanoindentation experiments with thin films are challenging at elevated temperatures. Metallic thin films tend to oxidize, so the properties measured are more of the surface oxide, rather than of the metal film itself. Exceptions to this phenomenon are noble metals. One of the approaches for solving the surface-oxidation problem is to perform nanoindentation in ultra-high vacuum, [13] [14] [15] or inside an electron microscope (TEM). 16 Technically such tasks appear to be challenging though, because specialized equipment and sample preparation are necessary, and because some indenter parts are not vacuum-compatible.
Even without considering surface oxidation, the factor of thermal drift further complicates nanoindentation measurements. There have been three approaches undertaken to address this problem. First, placing the indenter tip assembly at a distance from the actuator, a strategy that allows indentation at temperatures as high as 500°C. 17, 18 Second, placing the whole indenter into the heated chamber. 19 Third, locally heating a very small sample and performing indentation after thermal equilibrium between the sample and the indenter tip has been reached; as well as accounting for thermal drift. 20 The authors have used the third approach to measure properties of thin Au and Cu films at temperatures from 20 to 130°C, experimental aspects of which will be now considered.
II. EXPERIMENT
Local miniature heaters became commercially available with the development of AFM instrumentation. 21 For the high-temperature nanoindentation experiments, a resistance heating stage ( Fig. 1 ) from Digital Instruments 21, 22 was used in conjunction with a Nanoindenter II (using a 300-nm radius Berkovich diamond indenter). The heating accessory consisted of a sample heater and an electronic controller that allows for setting a desired temperature up to 130°C with a 0.1°C resolution. The heater is a ceramic block that contains an embedded resistive microheater. With a sample glued to a puck (using thermoepoxy), this assembly is then clamped onto the top of the microheater with the thermocouple (Fig. 1) . The heating element is thermally isolated from the surrounding atmosphere so that it is mostly the sample surface that conducts heat into the atmosphere.
Initially, the thermocouple sample clamp did not provide enough mechanical force to clamp the steel puck to the heater. This failure resulted in sample movement during indentation. The clamp was modified; and for all further indentation experiments, the load-displacements curves obtained with the heater were checked to ensure absence of the sample motion or sliding. Also, elevatedtemperature indentation experiments were performed on fused quartz. 23 Thin Au and Cu films were RF sputter-deposited onto polished 〈100〉 silicon substrates to a nominal thickness of 3 m, using a Perkin Elmer 2400 RF sputter system. A 15-s pre-sputter was used to prepare the surfaces. The system was pumped down to 1 Torr, after which the thin films were deposited at a power of 1000 W. The maximum temperature during the sputter process reached 100°C; and for Cu films, the system was cooled down for 1 h after deposition to avoid film oxidation. Further/ additional details of the deposition process are discussed elsewhere. 20, 28, 29 A sequence of increasing temperature indentations was performed on each sample, followed by room-temperature experiments to ensure that there were no annealing effects. Figure 2 shows load-displacement curves taken at room temperature (100°C and 130°C), and again at room temperature after all heating experiments. Both load-displacement curves performed at room temperature before and after heating are practically identical.
Continuous stiffness measurement was used for all indentation experiments with the modulation frequency of 45 Hz and a 2-nm displacement amplitude. The drift rate was measured during a 100-s hold following unloading to 10% of the maximum indentation load. As seen in Fig. 3 , there is about a 120-nm sample movement due to the thermal drift and possibly creep at a constant load of 25 mN in 100 s. Continuous stiffness measurements of both elastic modulus and hardness accounted for thermal drift by using the tip-contact area corresponding to the drift-corrected indentation depth. Elevated-temperature nanoindentation experiments were also performed on fused quartz to ensure that no artifacts were present. The fused-quartz elastic modulus reduced to 69 GPa at 120°C, compared to 72 GPa at room temperature. 23 Oxidation is the main obstacle for experiments evaluating constitutive properties, because a surface oxide has markedly different properties. Original nanoindentation experiments were first performed on the gold sputterdeposited films to avoid the oxidation effects observed in other metallic films. Nanoindentation tests were then performed on copper films (capped with a 5-to 10-nm platinum layer) at temperatures up to 130°C. The platinum layer was deposited to prevent surface oxidation. Because the modulus and hardness values were taken at a depth much larger that the Pt layer thickness, and because Pt has a slightly higher elastic modulus (171 GPa) than Cu, it was assumed that a thin Pt layer did not affect the measurements of mechanical properties for Cu films at larger indentation depths.
III. DISCUSSION
The 2.7-m gold film was indented at depths ranging from 20 nm to 2000 nm, at test temperatures from 20°C to 130°C. An apparent modulus drop with increased temperature is seen in Fig. 4 for the gold film. There appears to be a plateau in the modulus data at the shallow indentation depth, up to 100 nm, as shown in Fig. 5 . At room temperature the modulus plateaus at about 90 GPa for a 100-nm indentation depth, and the modulus drops to 69 GPa at 130°C (Fig. 5) . Pt/Cu films exhibit a similar plateau modulus effect. Elastic-modulus plateau values and corresponding standard deviations for Au and Cu films are presented in Table I . Young's modulus depends on the composition, crystal structure, and orientation of the film material. Heat treatment has little effect on the modulus, so long as it does not affect the mentioned parameters. However, the Young's modulus for bulk materials at the melting point is typically between one-half to two-thirds the room-temperature value. At elevated temperatures, a modulus drop is expected due to thermal expansion and an increased amplitude of atomic vibrations. For example, for bulk Cu, a temperature increase of 200°C leads to a 20 GPa decrease in modulus. 24 Elastic modulus temperature data for bulk Cu and Au 25, 26 is also presented in Table I , for comparison. Although not originally expected, the thermal drift-corrected elastic-modulus data in Table I shows that the temperature effect is more pronounced for nanocrystalline Au and Cu thin films, compared to the bulk Au and Cu.
Because plastic deformation is a thermally activated process, larger temperature effects on the film yield stress are expected. A 60% hardness drop is observed with the temperature increase up to 130°C, as seen in Fig. 6 at shallow indentation depth. This temperature effect is not as pronounced at indentation depths over 500-nm, where the substrate hardness comes into play. In fact, the substrate effect becomes apparent at about a 200-nm contact depth, as the hardness increases due to a substrate effect. Similar to the elastic modulus data presented in Fig. 5 , there appears to be a hardness plateau at a shallow indentation depth of 100-nm in Fig. 7 . This initial plateau was used to estimate the true yield stress of Au as a function of test temperature (Fig. 8) , using the Tabor relationship (and verified by the inverse method of Eq. (3) for the room-temperature data). A second-order polynomial provided the best fit to the Au yield stress data over the temperature range tested (Fig. 8) . For the 2.7-m Au film, the yield stress (in MPa) has the following dependence on temperature, T, in Celsius:
As Cu and Au are both face-centered cubic with similar melting points, we assumed that these nanocrystalline films might have a similar thermal component of the yield stress. 28 Because Cu mechanical properties exhibited a plateau region, similar to Au, we present in Fig. 9 the measurements of Cu film yield stress with a 5-nm Pt overlayer as a function of test temperature. Here, the data are presented with and without thermal drift correction. Thermal drift remained, even though we tried to achieve thermal equilibrium between the indenter tip and the sample by keeping the tip at the sample surface for 2 min before performing indentation experiments. To account for additional drift, the tip was held in contact at 10% of the full load and the tip displacement was measured. The measured thermal drift appeared to be substantial above 60°C. It was accounted in the final analysis described in the introduction part (I) of this paper by means of adjusting the contact area in the modulus and hardness calculations accordingly.
Besides thermal drift, low-temperature creep is of concern. One may argue that creep effects on elastic modulus at higher loads are substantial, although this effect would result in even higher unloading stiffnesses. Therefore, from the standpoint of creep effects, we are measuring an upper bound for the modulus. Also, is it a true mechanical response of the film that is observed in Fig. 2 
where ⑀ . is the strain rate, T is the temperature in Kelvin, and is the stress. For the low stress levels of 200 to 300 MPa, the plasticity effects are negligible, giving strain rates from 1. 
where is the shear modulus. This drift-correction procedure appears to be a reasonable method for these moderately high-temperature experiments. The method provides reproducible data within the type of error bars indicated in Fig. 9 . It also turns out that our original assumption of a second-order polynomial dependence for Cu yield stress with respect to temperature holds true
The measured yield stress for this 3.2-m thick Cu film is twice that of the 2.7-m Au film. While copper is naturally harder than gold because of its higher modulus, this factor does not appear to be a plausible explanation for the magnitude of the difference. One possibility is the restriction of dislocation motion due to the oxide layer between Cu and Pt films. A second possibility is due to grain-size effects. Figure 10 shows a 3D AFM image for the Cu surface from which grain size was measured. The average grain size for this film is 670 nm, which is almost five times less than the film thickness. Similar results have also been obtained using TEM analysis. This finding is consistent with previous work showing very small grain sizes for sputter-deposited films. 29 Unlike electroplated Cu films, where grains are normally larger than the film thickness after annealing, 30 sputtered films remain nanocrystalline, a fact that explains their elevated yield stress. For these films the grain size [Eq. (2)] controls plasticity, rather than the film thickness [Eq. (3)].
In general, we propose the following temperature dependence for a nanocrystalline fcc metallic thin film
where A and B are fitting parameters, and 0 is the yield stress value at 0°C. Employing Eq. (8), Cu yield strength versus temperature curves are constructed for Au and Cu films (Fig. 11) .
Although microstructural characterization was not performed after high-temperature nanoindentation, all films were indented before and after high-temperature experiments. The agreement between the hardness values implied no measurable annealing effects.
Temperature effects on the mechanical properties are even more pronounced for softer polymer films. 22, 23 Enhanced plasticity typically contributes to the increase in thin-film adhesion, as more energy is dissipated though plastic deformation than through crack growth. 31, 32 In the present case, a reduced copper film yield stress due to the temperature increase assists in an increase of the films' adhesion. Here we will rely on the dislocation-free zone model 28 to provide interfacial fracture toughness predictions for a 3.2-mm Cu film as a function of test temperature. According to the dislocation-free zone model, the interfacial fracture toughness is given by
where A ‫ס‬ 20 MPa −1 ·m −1/2 , B ‫ס‬ 121 Pa·m, ys is the film yield stress, and c is the dislocation-free zone (80-100 nm for Cu). 28, 31 Using Eq. (7) for the Cu yield stress allows constructing Fig. 12 based on Eq. (9). The effects of enhanced plasticity at elevated temperatures in Cu films are also discussed in Refs. 28, 31, and 32.
IV. CONCLUSIONS AND SUMMARY
We have demonstrated the feasibility of hightemperature nanoindentation experiments using a local heating approach and a drift correction up to 130°C. Nanoindentation at higher temperatures may be possible in the future as the appropriate heating devices become commercially available. A key to developing such a device would be the cooling system, possibly both for the sample and the indenter tip, to ensure the minimal thermal drift.
Both the elastic modulus and yield strength of Au and Cu films were shown to decrease with increasing temperature up to 130°C. For face-centered-cubic metal films (such as Au and Cu), the yield stress is shown to decrease as a function of temperature, using a second-order polynomial. These small increases in temperature enhance the thin-film interfacial fracture toughness. 28, 31, 32 During the preparation of this article, it came to our attention that the elastic modulus decrease of 33% was observed experimentally in free-standing Al thin films tested in tension at temperatures up to 160°C. 33 The effect is attributed to the anelastic relaxation behavior of nanocrystalline materials due to the softening of grain boundaries at elevated temperatures, which is grain size dependent. 34, 35 
